This paper mainly investigates the bispectrum property of sea clutter. For non-Gaussian sea clutter, bispectrum can reveal its property from higher-order probability structures, which is complementary to current second-order theory based research. Bispectrum estimation of sea clutter is accomplished by using the FFT-based method with a frequency-domain Rao-Gabr window. Analysis results show that pronounced peaks exist in the diagonal slice spectra, revealing the quadratic-phase coupling phenomenon in sea clutter spectra. Besides, bispectrum features such as peak location or distribution regions differ between sea clutter and target bins, showing its potential in the design of target detection algorithms.
Introduction
Sea clutter refers to the backscattered returns from a patch of sea surface. It is an inevitable working environment for nautical radars. For the past few decades, many efforts have been devoted to the understanding and modeling of sea clutter with various working frequencies, polarizations, sea states, grazing angles, wind directions and many other parameters [1] [2] . The importance of this work lies in that it can provide insight into the scattering mechanism of sea surface and can offer reference models for developing new target detection algorithms that match the actual working environment [2] . Currently, sea clutter properties such as amplitude distribution, Doppler spectral or correlation have been researched extensively [3] [4] [5] [6] [7] [8] . However, they are mainly confined within the theoretical framework of second-order moment and can only reveal sea clutter property partially. For non-Gaussian sea clutter, it is necessary to analyze sea clutter from higher-order probability structures [9] to gain deep insight into its property and serve as complementary property to current ones. In this paper, the bispectrum property, which is the two-dimensional Fourier transform of the third-order cumulant [10] [11] [12] , is analyzed with Xband high resolution sea clutter data. The analysis is performed with regard to both sea clutter bins and target bins. Through the analysis, bispectrum features such as peak location, distribution regions, spread, etc., are obtained, which is the main contribution of the paper. What's more, the bispectrum features differ when target exists, suggesting the analysis results can found their application in the design of new target detection algorithms.
Description of Sea Clutter Data

Sea Clutter Data
Measured sea clutter data utilized in this paper were collected during a measurement campaign at Osborne Head Gunnery Range (OHGR) in November 1993 with McMaster University IPIX X-band radar. The radar is capable of dual polarized and frequency agile operation, and it belongs to experimental instrumentation class search radar. It was mounted at a fixed platform facing the Atlantic Ocean, at a height of 100 ft above mean sea level and an open view of about 130˚. The working frequency of the radar is 9.39 GHz and it was operated at low grazing angles. A particular data set was collected with a constant azimuth angle during the observation time. For each range cell, frequency, time instant, I-Q channel and polarization, the radar collects like-polarized (HH, VV) and crosspolarized (HV, VH) samples, which are quantized with 255 levels and coded with 8 bits. Each dataset contains 14 spatial range bins with a sampling frequency of 1000 Hz. Further information about the radar system and the environmental parameters as well as recorded data structure is available on the homepage of McMaster University. This paper mainly deals with HH and VV polarized data. The data are pre-processed by removing the DC offset and the phase imbalance due to hardware imperfections for each range cell. The time history of normalized sea clutter amplitude from an individual range cell is shown in Figure 1 , for both HH and VV polarimetric channels. The figures highlight the spiky nature of sea clutter for both channels, and it is clear that the occurrence probability of high amplitude returns is larger than expected for a Rayleigh process.
Statistical Analysis
The statistical analysis in this section mainly concerns the first-order and second-order property of sea clutter, namely the amplitude distribution and Doppler spectra property [4] [5] . For the amplitude distribution property, the empirical probability density function (PDF) is first estimated from sea clutter amplitude, then theoretical distribution models are adopted to fit the data and compared with empirical PDF. The models under consideration are Rayleigh, Weibull, log-normal and K distributions. Note that except for the log-normal distribution, other models all belong to the compound-Gaussian family, which has witnessed great success in the modelling of sea clutter for a wide range of sea states and radar parameters with well-grounded theoretical foundation. The parameters of the first three models are estimated via the maximum likelihood method, while the K parameters are obtained with the second/fourth-order moment method. For HH and VV polarized recordings, amplitude distribution modelling results are given in Figure 2 (a). It can be seen that log-normal distribution can result in good fit for HH data, while K distribution can fit VV data better. The Doppler spectra is estimated with the nonparametric Welch modified periodogram. Each data segment contains 1024 samples with an overlap of 50% between two adjacent segments, and Blackman windowing is used. Estimation results are reported in Figure 2 (b). The main energy of sea clutter concentrates on lower frequencies, as can be seen from the results, and the Doppler spectra for HH polarized data is broader and centred at a frequency higher than for VV polarisation. 
Bispectrum Property Analysis
Basic Principles
Given a complex valued sea clutter time series { ( ), 1, , } x t t T = , its bispectrum
B ω ω is defined as the two-dimensional Fourier transform of the third-order cumulant 3 1 2 ( , ) c l l , namely [10] [11] [12] [ ]
where 1 l and 2 l denotes time lag, ( ) E ⋅ stands for statistical expectation, and ( ) * ⋅ complex conjugation. The definition of bispectrum can be equivalently expressed as
where ( ) X ω means the Fourier transform of { ( )}
x t . The basic definition of bispectrum reveals that it is a function of bi-frequency parameters, with both amplitude and phase, and it can retain the higher-order phase information of a signal. The order of bispectrum is the lowest of all the higher-order statistics, and it has the following advantages such as invariance to translation or shift, immunity to additive Gaussian noise and so on. Thus bispectrum is often chosen as research object in the field of higher-order spectral analysis. Note that different bispectrum can be obtained dependent on the placement of the complex conjugation in the third-order cumulant, which will result in different symmetry relations for the bispectrum [10] , and for the definition adopted here, the symmetry relation hold true with respect to 1
Bispectrum is a two-dimensional function in the bifrequency domain, which is large in data amount, and redundant information also exists. For this reason, more attention is paid to the bispectrum property after dimensional reduction, and one of the most typical characteristic feature is the diagonal slice spectra, which is defined as the bispectrum value lied on the line of 1
The main features of bispectrum are contained in the diagonal slice spectra, for example, location of the peak spectra, spectral shape, etc., and it is a one-dimensional function. It is for these reasons that special attention should paid to the property of diagonal slice spectra when analyzing the bispectrum property of sea clutter. Bispectrum estimation of sea clutter is accomplished by using the direct (FFT-based) method with a frequencydomain smoothing window [12] . For sea clutter data series from a given range cell, the data are first segmented into non-overlapping records, with 1024 samples in each record; the mean is removed from each record, and the FFT computed; then the bispectrum of the kth record is estimated as
X ω denotes the FFT of the kth record, the FFT length is N , which equals to 1024 throughout our analysis. In the last step, the bispectrum estimates are averaged across records with an optional frequency-domain window ( , )
W ξ ς , which can be expressed as
the corresponding diagonal slice spectra is
where K stands for the total number of data records, the Rao-Gabr window function is adopted, which is optimum in terms of bias and variance for the estimation.
Analysis Results of Sea Clutter
For HH and VV polarized data, the contour plots of the bispectrum and diagonal slice spectra are displayed in Figure 3 can be concluded by observing the distribution property of the bispectrum amplitude in the bi-frequency plane, which are summarized into the following three aspects. First, the significant value of bispectrum amplitude mainly concentrates on lower frequency regions. At higher frequencies, the dominant component is Gaussian distributed noise, so the bispectrum amplitude is close to zero. Second, the bispectrum shows clearly visible peaks, and the corresponding bi-frequency parameters with respect to the peaks are ( 0.064, 0.064) − − and ( 0.018, 0.018) − − respectively. The existence of pronounced peaks in the bispectrum is indicative of the quadratically phasecoupled harmonics in the spectral component of sea clutter, which reveals that part of the sea clutter frequency components might be the linear combination of other frequency components. This is a new feature to justify the nonlinearity of sea clutter. Clearly, current Doppler spectra analysis based on second-order statistics fails to distinguish the quadratic-phase coupling property. Third, the bispectrum peaks locate in the diagonal slice spectra. By comparing the Doppler spectra property analyzed in section 2.2, it can be seen that the peak location and significant valued bispectrum are in the same direction specified by the Doppler shift. For the case at hand, the Doppler shift is negative, thus the corresponding peak location and significant valued bispectrum are in the regions confined by parameters with respect to the bispectrum peak are summed up, the resulted frequencies are nearly the same as the Doppler shift, which is an implication that the Doppler peak frequency of sea clutter might be the result of quadratic-phase coupling with other frequencies. This is an open question that still needs further research. By comparing the results of different polarized sea clutter data, it can be observed that the spread of bispectrum for HH polarized data is broader than VV in the bi-frequency plane. This is because that HH polarized data have wider Doppler spread, namely the frequency extent where sea clutter dominates is wider than VV, and the frequency extent where Gaussian noise dominates is vice versa. In the bi-frequency plane, significant bispectrum amplitude mainly shows up in sea clutter dominant regions, and so is the reason for the broader spread for HH polarized data. 
Analysis Results of Sea Clutter with Target
This section is devoted to the analysis of bispectrum property in target bins, so as to provide guidance on the design of target detection algorithms by comparing the influence of target signal on bispectrum property. The target is a spherical block of styrofoam, wrapped with wire mesh. It has a diameter of one meter. The average target to clutter ratio varies in the range 0~6 dB. The contour plots of the bispectrum and diagonal slice spectra are shown in Figure 4 (a)~(b) for HH and VV polarized data. In target bins, the bispectrum amplitude concentrates near zero frequency.
Compared with sea clutter bins, bispectrum features such as peak location, distribution regions, spread, etc., all changed in target bins. This phenomenon can be explained as follows. When target exists, it will have complex coupling effect with sea surface waves, and the structure of the small scale capillary waves around the target is influenced. At microwave band, high resolution radar is quite sensitive to the structure changes of the capillary waves, so the property of sea clutter differs. In order to illustrate the application of bispectrum features in the design of target detection algorithms, the centroid Ĉ ( ) f r is extracted as an example
where r denotes range bin number, n ϑ is the normalized discrete frequency, and ( ) Q r the normalization factor For all range bins, the estimation results of bispectrum centroid are reported in Figure 5 . For HH polarized data, the centroid frequencies are all below -0.04 for sea clutter bins, and they vary in the interval of -0.06~-0.04. For VV polarized data, the centroid frequencies are lower compared with HH polarized sea clutter, which lies in the interval of -0.035~-0.028. In target bins, the centroid moves toward zero frequencies, and shows pronounced separation with sea clutter bins. The results imply that features extracted from the bispectrum can be used as new statistics in the design of target detection algorithms. 
Conclusions
In this paper the bispectrum property of sea clutter is analyzed with HH and VV polarized data. Analysis results show that the significant value of bispectrum amplitude mainly concentrates on lower frequency regions. Pronounced peaks exist in the diagonal slice spectra, revealing the quadratic-phase coupling phenomenon in sea clutter spectra. The spread of bispectrum for HH polarized data is broader than VV in the bi-frequency plane. Bispectrum features will change when target appears, and target detection algorithms can be designed based on the feature variation.
